As it stands, modern concrete projects tend to become large and ultra-large. Meanwhile, the engineering environment is increasingly complicated, which puts forward higher requirements for the properties of concrete materials. The development of high performance concrete has become a research focus and direction of concrete material science and engineering technology in the new period. The application of nanotechnology in the concrete field can break through the limitations of traditional concrete. It is of great significance for the improvement of concrete properties and may promote the sustainable development of cement industry. Carbon nanofiber concrete is a new type of building material. However, there are few domestic studies in this aspect. For this end, with physical and mechanical properties of carbon nanofiber concrete as the research object, this paper explores measures to improve the mechanical properties of carbon nanofiber concrete. The author carries out an orthogonal experiment, discusses the effect of four factors, water-binder ratio, sand ratio, fly ash content and carbon nanofiber content and calculates the optimal mixing proportion of concrete, with a view to provide a reference for relevant research and practice.
INTRODUCTION
Carbon nanofibers are a new type of carbon material, whose diameter is between 50 and 200 and length-todiameter ratio is between 100 and 1000. It can be classified as a carbon nanotube. Carbon nanofibers not only have high specific strength, good thermal stability, low density and other characteristics as ordinary carbon fibers, but also have few defects, large specific surface area and compact structure. Besides, compared with carbon nanotube, the cost of carbon nanofiber is low, yet the output is large. It is due to these advantages that carbon nanofibers are widely used in electrochemical probe, filter material, composite material and other fields (Eftekhari, Ardakani and Mohammadi, 2014) . The application of fiber material in various materials can improve the properties of materials in all aspects. The application in concrete materials is also receiving more and more attention. The traditional method is to reinforce concrete using macro steel fibers. In contrast, carbon fibers and other micro fiber materials reinforce the concrete structure by transferring cracks, bridging and controlling cracks, etc. Existing studies show that after adding carbon nanofibers, the external force required by the initial growth of concrete cracks can be increased, thus delaying the generation of concrete crack and effectively promoting the tensile properties of cement-based materials. Meanwhile, if carbon nanofibers have good dispersion, the hydration process of cement will be promoted, thus improving the bending strength and compressive strength of concrete. This paper designs an orthogonal experiment on carbon nanofiber concrete, analyzes the effect of four factors, i.e., water-binder ratio, sand ratio, fly ash content and carbon nanofiber content and calculates the optimal mixing proportion for carbon nanofiber concrete, in the hope of promoting the application and development of this new building material.
EXPERIMENT

Experimental Material 2.1.1 Carbon nanofiber
XFM60 carbon nanofiber products manufactured by Nanjing XFNANO Materials Tech Co., Ltd. were used. Their properties were as follows: the average diameter was 200-200 nm, the length was 5-50 um, the specific surface area was >18 ㎡·g -1 , the bulk density was 0.0431 g·cm -3 and the color was black.
Fly ash
Class I fly ash manufactured by Ningxia Xinyuan Hotspot Co., Ltd. was used. Their physical properties were as follows: the fineness was 0.045mm, the sieve residue was 5.60, the calcination was 2.8%, the moisture content was 0.1%, the SO 3 content was 0.20% and the water requirement ratio was 93. All of the above physical properties met the requirements of national standard.
Concrete admixture
Polycarboxylate high-performance water reducer was used as the concrete admixture in this experiment. It was manufactured by Beijing Muhu Concrete Admixture Co., Ltd. The water reducing rate was more than 25%-30%. The sodium sulfate content in the water reducer was less than 3%. Water reducer was added to reduce concrete viscosity and improve the dispersion of carbon nanofibers (Faghih and Ayoub, 2014) .
Concrete material
(1) Cement. Ordinary high early strength cement manufactured by Ningxia Saima Cement Factory was used. The strength grade was P.O 42.5R. The fineness was 4.7%. The water requirement of normal consistency was 28%. The initial setting time was 15 min. The final setting time was 174 min. The flexural strength was 6.6 MPa on 3d and 8.7 MPa on 28d. The compressive strength was 33.4 MPa on 3d and 54.8MPa on 28d.
(2) Coarse aggregate. Artificial gravels manufactured by Zhenbeibao, Ningxia were used as the coarse aggregate in this experiment. Their properties were as follows: the maximum particle size was 25 mm. The apparent density was 2698 m -3
. The bulk density was 1430kg·m -3 . The porosity was 47%. The silt content was 0.78%. The crushing index was 8.6%. The content of flaky and elongated particles was 9.5%.
(3) Fine aggregate. Natural medium sand manufactured by Ningxia Commercial Concrete Mixing Station was used as the fine aggregate in this experiment. The fineness modulus was 2.75. Seven graded mesh sizes (mm) were set: 5.00, 2.50, 1.25, 0.63, 0.315, 0.16 and <0.16 . The corresponding cumulative residues were 9%, 36.5%, 40.7%, 57.7%, 78.4%, 82.2% and 100% respectively.
(4) Water. All the water used in this experiment was tap water.
The Design of Mixing Proportion
The standard concrete strength in this experiment was C 60. Based on the requirements of Technical Specification for High Strength Concrete, Specification for Mix Proportion Design of Ordinary Concrete, the mixing proportion of high strength concrete was designed and determined (Chuah, Pan and Sanjayan) . For the sake of rationality and convenience of experiment, a 4-factor and 3-level L 9 (3 4 ) orthogonal experiment was designed. Based on the mixing proportion of control group, different sand ratios and water-binder ratios were selected. The factor level and experiment scheme are shown in Tabs.1 and 2. Among them, the ratio of water reducer in total binding materials was 0.3%. 
Preparation of specimens
On the basis of the orthogonal experiment, 10 mixing proportions were designed, as shown in Tab. 3. The unit of water reducer was mL·kg-1. The other units were kg·m-3. Three 10×10×10 (cm) cubes were used as a cast iron mold, to prepare concrete specimens. The mold is shown in Fig. 1 .
Figure 1. Concrete Cubic Mold
When CNFs specimens were prepared, water, water reducer and CNFs were added to a high speed mixer and mixed for 5min. Suspension was obtained. Coarse aggregate, fine aggregate, cement and fly ash were added to a centrifugal mixer and mixed for 3min. After mixing well, the previous suspension was added to the centrifugal mixer and mixed again for 2.5min, to ensure good workability. Then the mixture was filled in the cubic mold all at once for molding and placed in a curing room. After standing for 24 hours, the mixture was removed from the mold. The resulting concrete specimens were placed in water for curing. In this experiment, to eliminate the interference and effect of accidental factors on the test results, 6 specimens were prepared for each group at each stage (Manzur and Yazdani, 2016) . The final concrete specimens are shown in 
EXPERIMENTAL METHOD
This experiment mainly examined the physical and mechanical properties of carbon nanofiber concrete and designed a concrete compression test and a Brazilian test, based on Test Indicators of Mechanical Properties of Ordinary Concrete. During the experiment, concrete specimens in Tab. 3 were tested using a hydraulic universal testing machine to test the compression. During the test, the loading process must be continuous and uniform. The concrete strength was above 60. Therefore, in the compression test, the loading rate was set to between 0.8 and 1.0 MPa/s. In the Brazilian test, the loading rate was set to 250N/s. The equipment for compression test and Brazilian test are shown in Fig. 3 . 
ANALYSIS OF EXPERIMENT RESULTS
During the experiment, when testing every three concrete specimens, if it was found that among the test values, the difference between maximum or minimum and median was more than 15% of the median, this measured data would be judged as abnormal and eliminated, to make the experiment accurate. After that, three values were averaged. The mean was taken as the average strength of this group of specimens. The test results are shown in Tab. 4. 
Visual Analysis
In the orthogonal experiment, the water-binder ratio and sand ratio of ZJ-2 Group were consistent with those of the control group. The strength of specimens between ZJ-2 Group and control group at various stages was compared. On 7d, the compressive strength of concrete specimens in ZJ-2 Group was 8.4% higher than that of control group. On 28d, the compressive strength of concrete specimens in ZJ-2 Group was 20.6% higher than that of control group. The splitting strength was 52.1% higher. It followed that at the water-binder ratio of 0.3, reasonable control of fly ash and good carbon nanofiber dispersion can effectively improve the compressive strength and splitting strength of concrete, thus enhancing its mechanical properties. With consistent waterbinder ratio, adding fly ash content and sand ratio can improve the concrete strength. At a low water-binder ratio, adding carbon nanofibers with superior dispersion phase can effectively enhance the mechanical properties of concrete specimens at various stages (Sbia, Peyvandi and Soroushian, 2015) . Moreover, as a whole, the tension/compression ratio of all orthogonal groups was greater than that of control group. This showed that in all orthogonal groups, the toughness of concrete was large and the brittleness was small. So carbon nanofibers can make the concrete tougher and less brittle and enhance the mechanical properties of concrete.
Range Analysis
A range analysis was conducted on the above experimental results. The range analysis of orthogonal experimental results is shown in Tab , for nanometer carbon fiber high strength concrete, the ranking of the effect of various factors on 7d compressive strength was A>D>C>B. The optimal mixing proportion was as follows: water-binder ratio A1=0.3, fly ash content B2=15%, sand ratio C2=35% and carbon nanofiber content D2=0.16%. The ranking of the effect of various factors on 28d compressive strength was A>D>B>C. The optimal mixing proportion was: water-binder ratio A1=0.3, fly ash content B2=15%, sand ratio C3=40% and carbon nanofiber content D2=0.16%. The ranking of the effect of various factors on 28d splitting strength was A>D>C>B. The optimal mixing proportion was water-binder ratio A1=0.3, fly ash content B2=20%, sand ratio C3=40% and carbon nanofiber content D2=0.16%. From the above analysis (Fig.7-Fig.10 ), we know that water-binder ratio and carbon nanofiber content were two of the most important factors that affected 7d and 28d compressive strength of carbon nanofiber concrete. For 28d compressive strength, the greatest influencing factor was water-binder ratio, followed by fly ash content and carbon nanofiber content. The content of clinker in concrete mixed with fly ash was low. Compared with ordinary cement, fly ash was characterized by slow setting and hardening. The surface change was small, so the early strength was low. In early hardening of concrete, fly ash mainly played the role of filling. That was why fly ash content wouldn't have a large effect on 7d compressive strength(Konsta-Gdoutos and Aza). Moreover, through the preceding analysis, it can be found that carbon nanofiber content was an important factor that affected the concrete strength. Especially the dispersion of carbon nanofibers had an important impact on the concrete strength. By analyzing the reasons, it was found that well-dispersed carbon nanofibers can help promote the hydration of cement. Meanwhile, after adding carbon nanofibers, the external force required by the initial growth of cracks increased, which delayed the generation and formation of cracks effectively, improved the tensile properties of cement-based materials and increased the concrete strength. Through the experimental data, compared with the control concrete, the strength of concrete with 0.16% of carbon nanofiber (in volume) can be increased by 20.6%. Thereafter, by increasing the volume fraction of carbon nanofibers, the concrete strength was not further increased, but decreased, even lower than that of control concrete. That was because too large carbon nanofiber content would lead to poor dispersion of carbon nanofibers in concrete and form agglomerate nanofibers. The effect of carbon nanofibers was lost. As a result, a weak area was formed inside the concrete and reduced the concrete strength (Gdoutos, Konsta-Gdoutos and Danoglidis) . But if carbon nanofibers were distributed evenly in the cement mortar, they would produce huge surface energy and adsorb cement hydration products. These products wrapped carbon nanofibers and promoted the close bonding between hydration products. Carbon nanofibers can transfer tensile stress and improve the concrete strength (Manzur, Yazdani and Emon) . Moreover, with reasonable carbon nanofiber content, we can promote the uniform growth of hydrated crystals, which was beneficial to eliminate and reduce cavities in the concrete, which was also of positive significance for the improvement of concrete strength (Brown and Sanchez, 2015; Dai, Gallo and Schumacher, 2016) .
Variance analysis
This experiment was an orthogonal experiment and used 4 factors and 3 levels. There was no blank column. The experimental results were analyzed using a variance analysis with repeated experiments, as shown in Tab. 6. meant that the effect of factor was particularly significant, represented by ***. When F 0.01 ≥F>F 0.05 , the effect of factor was significant, represented by **. When F 0.05 ≥F>F 0.01 , the factor had a certain effect, represented by *. When F≤F 0.10 , the effect of factor was insignificant, represented by -.
The Optimal Mixing Proportion
Through the above range analysis, it was learned that the optimal mixing proportion of high strength concrete differed at various stages. With different property indicators, the optimal mixing proportion of high strength concrete differed, too. But we can determine the range of optimal mixing proportion. To be specific, the optimal water-binder ratio was between 0.30 and 0.34. The optimal sand ratio B was between 35% and 40%. The optimal fly ash content C was between 15% and 20%. The optimal carbon nanofiber content D was between 0.16% and 0.85%. Through the above analysis, we can conclude the effect of various factors on the concrete strength. Specifically, water-binder ratio had a highly significant effect on 7d and 28d compressive strength and splitting strength. Fly ash content had a generally significant effect on 28d compressive strength. Sand ratio had a generally significant effect on 7d and 28d compressive strength and splitting strength. Carbon nanofiber content had a significant effect on 7d and 28d compressive strength and splitting strength.
CONCLUSION
(1) For the preparation of carbon nanofiber concrete, it is crucial to control the carbon nanofiber content rationally. Too large content may lead to poor dispersion of nanoscale concrete. The concrete may agglomerate and form a weak area. Too small content cannot reinforce the concrete. In this experiment, the optimal carbon nanofiber content is 0.16%.
(2) Through an experimental analysis, it is found that the optimal mixing proportion of carbon nanofiber concrete is as follows: the optimal water-binder ratio was between 0.30 and 0.34. The optimal sand ratio B was between 35% and 40%. The optimal fly ash content C was between 15% and 20%. The optimal carbon nanofiber content D was between 0.16% and 0.85%.
(3) Compared with control concrete, the tension/compression ratio of carbon nanofiber concrete increases by 15.6%-34.6%. The greater tension/compression ratio means the larger toughness and smaller brittleness of concrete. This suggests that carbon nanofibers contribute to enhancing the mechanical properties of concrete.
(4) Theoretically, based on good dispersion of carbon nanofibers, the optimal carbon nanofiber content can be further improved. That is, the reinforcing effect of carbon nanofibers on concrete can be further exerted, to solve the brittleness of carbon nanofibers fundamentally. Therefore, how to solve the dispersion of carbon nanofibers remains to be further studied.
